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A classical role of the hormone auxin is in the forma-
tion of flowers at the periphery of the reproductive
shoot apex. Mutants in regulators of polar auxin
transport or in the auxin-responsive transcription
factorMONOPTEROS (MP) formnaked inflorescence
‘‘pins’’ lacking flowers. How auxin maxima and MP
direct initiation of flower primordia is poorly under-
stood. Here, we identify three genes whose expres-
sion is directly induced by auxin-activated MP
that furthermore jointly regulate flower primordium
initiation. These three genes encode known regula-
tors of flower development: LEAFY (LFY), which
specifies floral fate, and two AINTEGUMENTA-LIKE/
PLETHORA transcription factors, key regulators of
floral growth. Our study thus reveals a mechanistic
link between flower primordium initiation and subse-
quent steps in flower morphogenesis. Finally, we
uncover direct positive feedback from LFY to the
auxin pathway. The auxin LFY module we describe
may have been recruited during evolution to pattern
other plant organ systems.
INTRODUCTION
Formation of flowers is critical for reproductive success in angio-
sperms, the major extant group of seed plants. Initiation of
a flower primordium inArabidopsis is preceded by establishment
of a local maximum of the plant hormone auxin (Benkova´ et al.,
2003; Heisler et al., 2005; Reinhardt et al., 2000). This auxin
maximum is generated by polar auxin transport, which involves
such regulators as the auxin efflux carrier PIN-FORMED1
(PIN1) and the PINOID (PID) kinase, which controls PIN1 activity
(Friml et al., 2004; Ga¨lweiler et al., 1998). Auxin binding to the
auxin receptor (TIR1/AFB family of F-box proteins) (Mockaitis
and Estelle, 2008) triggers the degradation of transcriptional
repressor proteins called AUX/IAAs. In the absence of auxin,
these AUX/IAAs physically interact with and inhibit activity ofDevelopmtranscriptional regulators called AUXIN-RESPONSE FACTORs
(ARFs) (Mockaitis and Estelle, 2008).
Of primary importance for flower primordium initiation is the
ARF MONOPTEROS (MP/ARF5) (Hardtke and Berleth, 1998;
Przemeck et al., 1996; Zhao et al., 2010). Like mutations
in PIN1 or PID, those in MP form naked inflorescence stalks
lacking flowers (Przemeck et al., 1996). The flower primordium
initiation defect of pin1 and pid, but not mp, can be rescued by
exogenous auxin application (Reinhardt et al., 2000; Reinhardt,
2003). This suggests that MP acts downstream of auxin in this
process. Despite the critical importance of flowers for plant
survival and for fruit and seed production for human sustenance,
how auxin-activatedMP directs the formation of flowers remains
poorly understood.
Subsequent to its initiation, the flower primordium undergoes
extensive growth. Two AINTEGUMENTA-LIKE/PLETHORA (AIL/
PLT) transcription factor AINTEGUMENTA (ANT) and AIL6/PLT3
are critical for proliferative growth of the flower (Elliott et al.,
1996; Krizek, 1999, 2009; Krizek and Eaddy, 2012; Mizukami
and Fischer, 2000). The plant-specific LEAFY (LFY) transcription
factor, on the other hand, is necessary and sufficient for specifi-
cation of floral identity in primordia initiated during the reproduc-
tive phase in Arabidopsis (Schultz and Haughn, 1991; Weigel
et al., 1992; Weigel and Nilsson, 1995). How flower primordium
initiation is coordinated with these subsequent processes in
primordium development is not understood.
Here, we provide insight into the question of how auxin-acti-
vated MP triggers initiation of a flower primordium. MP directly
induces expression of LFY via evolutionarily conserved and bio-
logically important cis-regulatory motifs in the LFY promoter. We
further show that MP also directly induces expression of ANT
and AIL6/PLT3 in inflorescences. Our finding links primordium
initiation with subsequent steps in flower development: fate
specification and primordium growth. Surprisingly, these three
transcription factors are also redundantly required for flower
primordium initiation. We further reveal direct positive feedback
from LFY to the auxin pathway. These combined interactions
provide insight into the molecular framework underlying auxin-
mediated flower primordium initiation. A role for LFY down-
stream of auxin may furthermore explain defects in other organ
systems seen in lfy mutants in legumes, monocots, or nonflow-
ering plants.ental Cell 24, 271–282, February 11, 2013 ª2013 Elsevier Inc. 271
Figure 1. Auxin Induces LFY Expression
(A) Top: LFY promoter architecture. D and P are functionally defined regions of the Arabidopsis LFY promoter (Bla´zquez and Weigel, 2000). Bottom: Pairwise
alignment using mVISTA (Mayor et al., 2000) of the upstream intergenic region of LFY from seven Brassicaceae that are very closely (A. lyrata) or more distantly
(A. alpina) (Bailey et al., 2006) related to A. thaliana.
(B) Sequence conservation in the P region of the LFY promoter from eight species in the Brassicaceae (left).
(C) WebLogos of AuxRE core motifs.
(D and E) Effect of auxin on LFY expression. qRT-PCR after treatment with auxin (10 mM 2,4-D) (D) or an auxin transport inhibitor (100 mM NPA) (E). Shown are
mean ± SEM of three technical replicates from one representative experiment. At least three biological experiments were performed.
(F) Accumulation of pLFY::GFP-LFY (pLFY::GLFY; Wu et al., 2003) in mock (left), auxin-treated (10 mM 2,4-D; middle), and NPA-treated (100 mM; right) inflo-
rescences. Curved white line represents newly forming flower primordium. Asterisks represent inflorescence meristem. See also Figure S1.
(G) Precocious initiation of the first flower in response to auxin treatment. Number of cauline leaves (left) and secondary inflorescences (right) formed. n > 20 for
each genotype tested; wild-type (WT), lfy-1 null mutant, hypomorph lfy-2 mutant. Mean ± SEM are shown, and p values are from Student’s t test. Scale bar
represents 50 mm.
Developmental Cell
Auxin-Mediated Flower Primordium InitiationRESULTS
Auxin Induces LFY Expression and Hence Floral Fate
In several flowering plant species, including Arabidopsis, the
plant-specific transcription factor LFY is expressed in the incip-
ient primordia that it directs to adopt a floral fate and is both
necessary and sufficient for the switch to floral fate (Weigel
et al., 1992; Weigel and Nilsson, 1995) (see Figures S1A and
S1B available online). During an attempt to define evolutionarily
conserved cis-regulatory elements important for correct spatio-
temporal expression of LFY, we uncovered a possible link to
auxin. Phylogenetic shadowing in seven Brassicaceae that are
closely related to Arabidopsis thaliana uncovered two highly
conserved regions in the LFY promoter (Figure 1A), which over-272 Developmental Cell 24, 271–282, February 11, 2013 ª2013 Elsevlapped with the previously defined functionally important distal
(D) and proximal (P) regions (Bla´zquez and Weigel, 2000). Closer
inspection of the P region revealed the presence of four
conserved auxin-response element (AuxRE) core motifs (Figures
1B and 1C). This core motif is thought to be sufficient for ARF
transcription factor recruitment (Mu¨ller and Sheen, 2008; Schler-
eth et al., 2010; Zhao et al., 2010).
To test whether auxin modulates LFYmessenger RNA (mRNA)
expression, we treated inflorescences with native (indole-3-
acetic acid [IAA]) or synthetic (2,4-dichlorophenoxyacetic acid
[2,4-D]) auxin. This resulted in a rapid and robust increase in
both LFY mRNA and protein accumulation, based on quantita-
tive RT-PCR (qRT-PCR) and visualization of a GFP-tagged
version of LFY (GLFY) (Wu et al., 2003; Figures 1D and 1F;ier Inc.
Figure 2. LFY Is a Direct Target of the ARF MP and Aux/IAA BDL
(A) LFY mRNA levels in arf mutant inflorescences.
(B) In situ hybridization of LFY mRNA in longitudinal sections of wild-type and mp-S319 mutant inflorescence meristems and of MP mRNA in wild-type inflo-
rescence meristems. Arrow points to the region where flower primordia initiate (WT) and analogous region of mp-S319 mutant inflorescence meristems.
(C) LFY mRNA levels in pUBQ10::MP-GR inflorescences mock or dexamethasone (dex) treated in the absence or presence of cycloheximide (chx).
(D) Top view of an inflorescence meristem showing pLFY::GLFY expression in mock versus dexamethasone-treated pUBQ10::MP-GR. Asterisks indicate
inflorescence meristem. Curved white line indicates newly forming flower primordium.
(E) Anti-HA ChIP in pMP::MP-6HA relative to wild-type inflorescences. PCR fragments (a–e) and domains of the LFY promoter are shown below the ChIP data.
NC, negative control locus. Asterisks represent AuxRE core elements. Red asterisks represents evolutionarily conserved AuxRE cores in the P region of the LFY
promoter.
(F) LFY mRNA levels in pRPS5A::bdl-GR inflorescences mock or dexamethasone (dex) treated.
(G) pLFY::GLFY expression in mock or dexamethasone treated pRPS5A::bdl-GR. Asterisks indicate inflorescence meristem. Curved white line indicates newly
forming flower primordium.
(H) Anti-GFP ChIP in mock-treated relative to auxin-(2,4-D)-treated pBDL::BDL-GFP inflorescences. PCR fragments (a–e) and domains of the LFY promoter are
shown below the ChIP data.
Shown aremean ± SEMof three technical replicates from one representative experiment. At least three biological experiments were performed (A, C, E, F, and H).
Scale bars represent 50 mm (B, D, G). See also Figure S2.
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protein levels already 1 hr after auxin treatment (Figure 1F; Fig-
ure S1D). Treatment with the auxin transport inhibitor NPA
(N-1-naphthylphthalamic acid) resulted in a decrease of LFY
mRNA and protein levels in flower primordia (Figures 1E and
1F), which was gradual.
Primordia initiated immediately prior to LFY induction give rise
to secondary inflorescence branches subtended by cauline
leaves (Figures S1A and S1B) (Weigel et al., 1992). To probe
the biological significance of the auxin-mediated increase in
LFY expression, we asked whether auxin treatment could
reprogram primordium fate. We found that auxin treatment
directed additional primordia to adopt a floral fate (Figure 1G).
This resulted in a significant reduction in the number of
secondary inflorescence branches and cauline leaves formed
after auxin application in the wild-type and in the weak lfy-2
mutant (Figure 1G). In contrast, the lfy-1 null mutant was not
responsive to auxin, indicating that the precocious flower forma-
tion was dependent on LFY activity. Hence, auxin induces LFYDevelopmexpression in incipient primordia, which directs these primordia
to adopt a floral fate.
The ARF MONOPTEROS and the Aux/IAA BODENLOS
Directly Regulate LFY Expression
We next investigated whether ARFs mediate the effect of auxin
on LFY. The Arabidopsis genome encodes for 23 ARF proteins,
13 of which are expressed in the inflorescencemeristem (Okush-
ima et al., 2005; Vernoux et al., 2011). We tested mutations in
nine ARF genes; only the hypomorph mp/arf5 mutant mp-S319
(Cole et al., 2009; Donner et al., 2009) showed a strong reduction
of LFY mRNA expression based on qRT-PCR (Figure 2A). The
observed defect is consistent with the known role of MP in the
meristem and in flower primordium initiation (Przemeck et al.,
1996; Zhao et al., 2010). In situ hybridization revealed that in
the mp mutant, the expression of LFY mRNA was reduced in
the peripheral zone of the inflorescence meristem (Figure 2B).
In addition, LFY mRNA and protein expression was no longer
restricted to individual primordia, but continuous throughoutental Cell 24, 271–282, February 11, 2013 ª2013 Elsevier Inc. 273
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Figures S2A–S2C). A similar LFY expression pattern has been re-
ported for auxin transport mutants and is thought to be the result
of altered cell identity in the peripheral zone of the mutant inflo-
rescence meristems (Vernoux et al., 2000). Finally, based on
in situ hybridization, the expression domains of MP and LFY
strongly overlapped in incipient and developing flower primordia
(Figure 2B).
Although it was important to ascertain whether LFY levels
were reduced in mp mutants, this reduction might simply be an
indirect consequence of the mp mutant phenotype. To test
whether MP directly induced LFY, we made use of an ubiqui-
tously expressed MP fusion to the glucocorticoid receptor
hormone binding domain (GR), pUBQ10::MP-GR (Donner
et al., 2009). Nuclear entry (activation) of MP-GR by dexametha-
sone application triggered a rapid and robust increase in LFY
mRNA and protein levels (Figures 2C and 2D; Figure S2D). LFY
mRNA levels doubled 3 hr after activation of MP-GR or
auxin treatment (Figures 1D and 2C); a 2-fold increase in LFY
levels is of biological significance (Bla´zquez et al., 1997).
pUBQ10::MP-GR activation caused GLFY protein accumulation
specifically in the incipient and developing flower primordia (Fig-
ure 2D). The spatial restriction of the pLFY::GLFY signal after
MP-GR activation is likely due to inhibition by AUX/IAA proteins,
because theMP-GR fusion protein contains the AUX/IAA protein
interaction domain (Donner et al., 2009). MP-GR activation in the
presence of a protein synthesis inhibitor also led to an increase in
LFY mRNA accumulation (Figure 2C), suggesting that the upre-
gulation of LFY by MP is likely direct. We tested this hypothesis
by chromatin immunoprecipitation (ChIP) with a published
human influenza hemagglutinin (HA) epitope-tagged and biolog-
ically active MP protein (pMP::MP-6HA; Weijers et al., 2006) fol-
lowed by quantitative PCR (qPCR). We detected strongMP-6HA
association with the transcription start site proximal (P) region of
the LFY promoter (PCR fragment LFY-e; Figure 2E). The same
result was obtainedwhenwe employed a publishedGFP-tagged
and biologically active version of MP (Cole et al., 2009) for ChIP-
qPCR (Figure S2E). Thus, MP binds to the LFY promoter and
specifically associates with the AuxRE-containing P region
(LFY-e ChIP-PCR fragment).
Blocking protein synthesis alone slightly induced LFY expres-
sion (Figure 2C); thus, an unstable inhibitor, such as an AUX/IAA
protein, may control LFY mRNA accumulation. During embryo
development, MP activity is repressed by physical interaction
with IAA12/BODENLOS (BDL) in the absence of auxin (Hamann
et al., 2002). Therefore, we next tested whether BDL can repress
LFY expression using an inducible stabilized version of BDL
(pRPS5a::GR-bdl; Weijers et al., 2006). Dexamethasone activa-
tion of pRPS5a::GR-bdl triggered a gradual decline in LFY
mRNA and protein expression (Figures 2F and 2G), an effect
very similar to that observed upon auxin transport inhibitor appli-
cation (Figure 1E). The slow decline in LFYmRNA in response to
auxin transport inhibitor or bdl activation is likely due to other
pathways maintaining LFY expression in the absence of auxin
signaling (see Fornara et al., 2010, for example). If BDL represses
MP activity during flower primordium initiation in inflorescences,
BDL should also associate with the LFY promoter. Indeed, ChIP
revealed binding of a GFP-tagged and biologically active version
of BDL (pBDL::BDL-GFP; Weijers et al., 2006) to the LFY274 Developmental Cell 24, 271–282, February 11, 2013 ª2013 Elsevpromoter (Figure 2H). BDL associated with the same fragment
of pLFY as MP and was dependent on MP for recruitment to
the P-region of the LFY promoter based on yeast one-hybrid
tests (Figure S2F). AUX/IAA inhibitors are degraded upon auxin
sensing (Mockaitis and Estelle, 2008). Consistent with this, auxin
treatment led to loss of BDL binding to pLFY (Figure 2H). Our
data reveal that BDL opposes MP function in the reproductive
shoot meristem.
MP Associates with Evolutionarily Conserved and
Biologically Important Auxin Response Elements in the
LFY Promoter
MP bound to the conserved, AuxRE-containing P region of the
LFY promoter (Figures 1A–1C and 2E). A minimal LFY promoter,
pG9, which contains the conserved D and P regions as well as
the transcription start site proximal core promoter, recapitulates
most aspects of endogenous LFY expression (Bla´zquez and
Weigel, 2000). Deletion of the P region in pG9 leads to loss of
promoter activity in inductive photoperiods (Bla´zquez and Wei-
gel, 2000). To examine the biological function of the AuxRE
core elements in the P region, we mutagenized all four in pG9,
yielding pG9Am, and tested promoter activity in inductive photo-
periods. Reporter expression from the pG9Am promoter was
much reduced compared to that driven by pG9 (Figures 3A
and 3B). Likewise, pG9Am was significantly less effective than
pG9 at rescuing the defects in specification of floral fate typical
of the lfy-1 null mutant when driving expression of a biologically
active GFP-tagged LFY protein (p < 107; Figures 3C and 3D). In
agreement with a previous report (Bla´zquez and Weigel, 2000),
mutation of a MYB binding site in the P region did not impact
the ability of pG9 to rescue the morphological defects of lfy
null mutant when driving expression of GLFY in inductive photo-
periods (Figure S3). The combined data suggest that the minimal
AuxREs are critical for pG9 function and mimic the effect previ-
ously described for the entire P region in inductive photoperiods
(Bla´zquez and Weigel, 2000).
We next tested the importance of the conserved AuxRE core
motifs for MP promoter association. Based on ChIP-qPCR of
transgene specific amplicons, MP binding to the LFY-e contain-
ing P region of pG9Am was reduced by more than 85% relative
to pG9 (Figure 3E). Finally, in contrast to pG9, pG9Am showed
very little response to auxin (Figure 3F). The evolutionarily
conserved AuxREs are hence required for auxin response, MP
recruitment, and activity of pG9.
The AIL/PLT Family Transcription Factors ANT and AIL6
Are Direct MP Targets
Our combined findings indicate that auxin-activated MP directly
induces LFY expression. This provides a molecular mechanism
for the coordination of floral primordium initiation and fate spec-
ification. We wondered whether identification of LFY as a direct
MP target might, in addition, provide insight into the regulation of
flower primordium initiation at the reproductive shoot apex. lfy
null mutants do not display flower primordium initiation defects
(Weigel et al., 1992). However, genetic enhancer tests with the
hypomorph mp-S319 mutant revealed that loss of LFY function
enhanced the primordium initiation defect of the mp-S319
mutant (Figures S4A and S4B). A significant reduction in the
number of flower primordia initiated was observed in mp-S319ier Inc.
Figure 3. Evolutionary Conserved Auxin
Response Elements Are Required for MP
Binding, Auxin Response, and LFY Expres-
sion in Inductive Photoperiods
(A) Reporter expression fromwild-type and AuxRE
mutated minimal LFY promoters. Above left:
Minimal LFY promoter pG9 (Bla´zquez and Weigel,
2000). Above right: AuxRE-mutated version of
pG9 (pG9Am). Asterisks represent AuxRE core
elements (TGTC). Red asterisks are evolutionarily
conserved AuxRE cores in the LFY promoter P
region. In pG9Am, all four P region TGTC elements
were converted to TGgC (Mu¨ller and Sheen, 2008).
Below: pG9 or pG9Am driving expression of GUS.
In situ hybridization of a representative line.
(B) Visual scoring of pG9::GUS or pG9Am::GUS
staining in the T1 population; n R 24 for each
genotype tested.
(C) Above: Top view of a wild-type (left) and lfy-1
null mutant (right) inflorescence. Note the cauline
leaves associated with the lfy-1 null mutant inflo-
rescence. Below: pG9 or pG9Am driving expres-
sion of GLFY (Wu et al., 2003) in the lfy-1 mutant.
Inflorescence of representative lines viewed from
above.
(D) Quantification of lfy-1 rescue by pG9::GLFY or
pG9Am::GLFY in the T1 population: number of
cauline leaves (left) and secondary inflorescence
branches (right) formed. n R 53 for each geno-
type tested. Sample minimum (lower bar); lower
quartile (box); median (red line); upper quartile
(box); sample maximum (upper bar). The median
value for WT and the lfy-1 null mutant are also
shown. The p values are from the Mann-Whitney
U test.
(E) Anti-HA ChIP in pMP::MP-6HA inflorescences
to probe association with the pG9 and pG9Am
GUS reporters relative to a negative control (NC).
(F) Response of pG9 (filled square) and pG9Am
(empty square) to a 3 hr auxin treatment based on
GUS reporter qRT-PCR. Mock-treated pG9 (filled
triangle) and pG9Am (empty triangle) are also
shown. Time-course: prior to flower formation
(day 7 [7 d]), initiation of first flower (day 11), and
reproductive development (day 15) (Yamaguchi
et al., 2009).
(E and F) Shown are the means ± SEM of three
technical replicates from one representative
experiment. At least three biological experiments
were performed. Scale bars represent 50 mm (A) or
5 mm (C). See also Figure S3.
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the lfy-1 null mutant (p < 105). Conversely, activation (nuclear
entry) of LFY-GR in mp-S319 inflorescence pins rescued the
flower primordium initiation defects slightly, but significantly
(p < 102; Figures S4C and S4D). We thus uncovered a role for
LFY in flower primordium initiation.
We took a candidate approach to identify additional MP
targets that might regulate flower primordium in parallel with
LFY. AP2 transcription factors of the AIL/PLT family play a role
in mediating auxin responses in many plant tissues, including
the inflorescence (Aida et al., 2004; Blilou et al., 2005; Krizek,
2011; Prasad et al., 2011). Moreover, the spatial expression of
two of these genes, ANT and AIL6/PLT3, strongly overlapsDevelopmwith that of MP and LFY (Elliott et al., 1996; Nole-Wilson et al.,
2005) (compare Figures 4A and 4B to Figure 2B). For simplicity,
we will be referring to the AIL6/PLT3 gene here as AIL6.We next
tested whether ANT and AIL6 are directly induced by MP. ANT
and AIL6 mRNA and protein accumulation were slightly but
reproducibly reduced in mp-S319 mutants (Figures 4A and 4B;
Figures S4E and S4F). In addition, the spatial pattern of ANT
and AIL6 mRNA and protein expression was altered in the mp
mutant in a manner analogous to that of LFY (Figures 4A and
4B; Figures S2A, S2B, S4E, and S4F). Moreover, dexametha-
sone activation of MP-GR led to a rapid increase in the expres-
sion of ANT and AIL6 mRNA and protein (Figures 4C and 4D;
Figure S4G). To probe whether the regulation of ANT and AIL6ental Cell 24, 271–282, February 11, 2013 ª2013 Elsevier Inc. 275
Figure 4. Identification of ANT and AIL6 as Direct Targets of MP
(A and B) Expression of ANT (A) and AIL6 (B) in wild-type compared tomp-S319 inflorescences. Left: In situ hybridization. Right: qRT-PCR. Arrow points to region
where flower primordia initiate (WT) and analogous region of mp-S319 mutant inflorescence meristems.
(C andD) Expression of pANT::ANT-VENUS (this study) (C) and pAIL6::AIL6-VENUS (Prasad et al., 2011) (D) inmock-treated versus dexamethasone (dex)-treated
pUBQ10::MP-GR. Left: Fluorescence imaging of an inflorescence prior to and 3 hr after dex treatment. Right: qRT-PCR. Asterisks represent inflorescence
meristem. Curved white line indicates newly forming flower primordium. Scale bar represents 50 mm.
(E and F) Anti-HA ChIP in pMP::MP-6HA and wild-type inflorescences at the ANT (E) and AIL6 (F) locus. Regions PCR-amplified (a–h) are indicated. Red triangles
represent AuxREmotifs (TGTCTC). Locus architecture: line (intergenic region or intron), arrow (transcription start site), empty rectangle (untranslated region), filled
rectangle (coding region). Shown are mean ± SEM of three technical replicates from one representative experiment. At least three biological experiments were
performed. See also Figure S4.
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regulatory regions using MP-HA and ChIP-qPCR. MP strongly
associated with both ANT and the AIL6 regulatory regions
(Figures 4E and 4F). Our data suggest that ANT and AIL6 act at
least in part directly downstream of MP in flower primordium
initiation. Because ANT and AIL6 are key regulators of floral
growth (Elliott et al., 1996; Klucher et al., 1996; Krizek, 1999,
2009; Krizek and Eaddy, 2012; Mizukami and Fischer, 2000),
this finding reveals a direct link between floral primordium initia-
tion and floral growth.
We probed for a role of ANT and AIL6 in flower primordium
initiation using genetic enhancer tests with the hypomorph
mp-S319 allele. A small but statistically significant enhancement
of the primordium initiation defect was observed in mp-S319
ant-4 double mutants (p < 102), while the mp-S319 ant-4
ail6-2 triple mutant displayed dramatically enhanced floral
primordium initiation defects (p < 106; Figures S5A and S5B).
To test the ability of ANT to rescue the flower primordium initia-
tion defects of mp-S319, we generated a biologically functional
dexamethasone-activatable version of ANT, 35S::ANT-GR276 Developmental Cell 24, 271–282, February 11, 2013 ª2013 Elsev(Figure S5C). Activation of ANT-GR in the pin-like inflorescences
of mp-S319 mutants caused a strong and significant (p < 103)
reduction of the mp mutant primordium initiation defects
(Figures S5D and S5E). Our observations confirm a role for
AIL/PLT family members in flower primordium initiation.
LFY and ANT/AIL6 Are Required for Proper Flower
Primordium Initiation
We have identified three key regulators of floral development as
direct MP-induced targets. To shed light on the question of how
auxin-activated MP directs flower primordium initiation, we next
tested whether these three regulators are jointly required for
flower primordium initiation. In contrast to the parental lines,
which do not display defects in flower primordium initiation
(Figures 5A and 5C) (Krizek, 2009; Schultz and Haughn, 1991;
Weigel et al., 1992), the triple lfy-6 ant-4 ail6-2 mutant formed
pin-like inflorescences bearing short filamentous organs after
forming a few abnormal flowers (Figures 5B and 5C). We inter-
pret these filaments as aborted attempts at flower initiation.
The lfy-6 ant-4 ail6-2 mutant formed significantly fewer flowersier Inc.
Figure 5. LFY and ANT/AIL6 Have Redundant Roles in Flower
Primordium Initiation
(A) Top view of 21-day-old inflorescences with initiated flowers in the wild-
type, the lfy-6 null mutant, and the ant-4 ail6-2 double mutant. Top row: Mock-
treated plants. Bottom row: NPA-treated plants. White arrow points to flowers.
lfy-6 and ant-4 ail6-2 do not display obvious defects in flower primordium
initiation. The altered morphology of these mutant flowers (flowers lack petals
and stamens) relative to those of the wild-type is due to known later roles of
LFY and ANT/AIL6 in flower patterning (Krizek, 2009; Weigel and Meyerowitz,
1993).
(B) Phenotype of mock-treated (top) and NPA-treated (bottom) lfy-6 ant-4
ail6-2 inflorescences. Spraying plants with 10 mMNPA transformed ca. 10% of
all lfy-6 ant-4 ail6-2 inflorescences into naked pins. Scale bar represents
500 mm.
(C) Quantification of the data shown in the top panels in (A) and (B). nR12 for
each genotype tested. The Student’s t test p value was calculated relative to
the parental line, which formed the fewest flowers (ant-4 ail6-2). See also
Figure S5.
(D) Flower primordia formed in mp-S319 35S::ANT-GR 35S::LFY-GR inflo-
rescence pinsmock treated (top) or treatedwith dexamethasone (bottom). The
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Developmthan the parental lines (p < 1015; Figure 5C). When we treated all
plant lines with NPA, no strong effect of the treatment was
observed in the parental lines (Figure 5A). By contrast, several
of the lfy-6 ant-4 ail6-2 plants formed naked pin inflorescences
(Figure 5B). NPA-treated lfy-6 ant-4 ail6-2 plants also formed
significantly fewer flowers than NPA-treated parental lines
(p < 1012; Figures 5C; Figures S5F and S5G). In a parallel
approach, we provided both ANT and LFY activity conditionally
from a heterologous promoter in the mp-S319 mutant inflores-
cence pins. Simultaneous activation of 35S::LFY-GR (Winter
et al., 2011) and 35S::ANT-GR led to a dramatic rescue of the
flower primordium initiation defect ofmp-S319 (p < 104; Figures
5D and 5E). The effect of LFY-GR and ANT-GR was additive, as
expected for regulators acting in parallel pathways (compare
Figure 5E to Figures S4D and S5E). Thus, the direct MP targets
ANT, AIL6, and LFY jointly regulate flower primordium initiation.
Positive Feedback to the Auxin Pathway by LFY
Unlike ANT and AIL6 (Krizek, 2009, 2011; Prasad et al., 2011),
LFY had not previously been shown to act in the auxin pathway
in Arabidopsis. To independently corroborate a function for LFY
in this pathway, we queried LFY-bound targets (Moyroud et al.,
2011; Winter et al., 2011) for auxin-response genes. We found
a significant overlap between LFY-bound loci and genes linked
to the auxin pathway (Figure 6A; Table S1). Gene Ontology
(GO) term enrichment analysis confirmed this finding (Table
S2). Among the LFY-bound genes was a key regulator of auxin
transport, PID (Figure 6B; Table S1) (Friml et al., 2004). To
examine whether PID is indeed regulated by LFY, we isolated
RNA prior to, during, and after formation of the first flower in
both wild-type and lfy null mutant inflorescences, as well as after
LFY-GR activation. PID showed a subtle but reproducible reduc-
tion of expression in lfy null mutants relative to the wild-type at
the relevant developmental stages (Figure 6C). In addition, PID
expression increased upon nuclear entry of LFY-GR (Figure 6C).
Based on in situ hybridization, fewer cells in the incipient flower
primordium of lfy mutants expressed PID (Figure 6D). PID was
expressed in the cauline leaf primordium subtending lfy mutant
but not wild-type flower primordia; this likely makes it more diffi-
cult to detect a quantitative PID reduction in lfy mutant inflores-
cences (Figure 6C). The alteration in PID expression in the lfy null
mutant may impact auxin accumulation. Consistent with this
hypothesis, we observed lower expression of the auxin-induc-
ible auxin efflux carrier PIN1 (pPIN1::PIN1-GFP [Benkova´ et al.,
2003]) in incipient lfy null mutant compared to wild-type flower
primordia (Figure 6E; Figures S6A and S6B). Moreover, we
observed reduced accumulation of the auxin-response reporter
DR5rev::GFP (Benkova´ et al., 2003) in newly developing flower
primordia of the lfy null mutant relative to wild-type (Figure 6F).
By contrast, dexamethasone activation of LFY-GR led to a rapid
and robust increase in DR5rev::GFP expression in this tissue
(Figure 6G; Figure S6B). Our combined data suggest that LFY
is not only required for flower primordium initiation, but also posi-
tively feeds back to the auxin pathway (Figure 6H).arrows point to flower or flower-like primordia, the asterisk indicates the
inflorescence tip.
(E) Quantification of the plants shown in (D); p value from Student’s t test.
Scale bars represent 5 mm (A) or 500 mm (B and D).
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Figure 6. Feedback Regulation by LFY to the Auxin Pathway
(A) Overlap between genes bound by LFY (Winter et al., 2011) and auxin-related genes. Fischer’s exact p value is shown below.
(B) Significant LFY binding peak at thePID locus. Screenshot of the binding peak (blue vertical lines) and significant binding peak (red horizontal line). Green boxes
below the graphs denote exons, and blue arrows indicate the direction of transcription.
(C) Expression of PID in wild-type and lfy-6 null mutant seedlings immediately prior to (day 9 [d9]), during (day 12), and after (day 15) formation of the first flower
(left) and in mock-treated compared to dexamethasone-treated lfy-6 35S::LFY-GR inflorescences (right). Shown are mean ± SEM of three technical replicates
from one representative experiment. At least three biological experiments were performed.
(D) In situ hybridization to monitor PID expression pattern in wild-type or lfy-1 null mutant inflorescences. Bar denotes size of PID-expressing cell population.
Arrow points to PID expression in the cauline leaf primordium (CL), which subtends the lfy mutant flower. Note: lfy-6 and lfy-1 have the same lesion (Q32stop)
(Schultz and Haughn, 1991;Weigel et al., 1992), but are the Landsberg erecta and Columbia cultivar, respectively. We employed both alleles here to avoid mixing
genetic backgrounds.
(E) pPIN1::PIN1-GFP (Benkova´ et al., 2003) expression and localization in the wild-type or lfy-1 null mutant.
(F) DR5rev::GFP (Benkova´ et al., 2003) expression in the wild-type compared to the lfy-1 null mutant inflorescences.
(G) DR5rev::GFP expression in mock-treated versus dexamethasone (dex)-treated 35S::LFY-GR inflorescences. Asterisks represent shoot meristem. Curved
white line represents newly forming flower primordium.
(H) Current model for auxin-mediated flower primordium initiation at the inflorescence shoot apex.
Scale bars represent 50 mm (D–G). See also Tables S1 and S2, and Figure S6.
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A Molecular Link between Flower Primordium Initiation
and Floral Fate Specification and Growth
Correct formation of flowers is of critical importance for plant
reproductive fitness and for human sustenance. Here, we
address a fundamental question in flower morphogenesis: how
initiation of the floral primordium is coordinated with primordium278 Developmental Cell 24, 271–282, February 11, 2013 ª2013 Elsevgrowth and fate specification. The ARF MP is required for initia-
tion of flower primordium (Bennett et al., 1995; Friml et al., 2004;
Okada et al., 1991; Przemeck et al., 1996). Prompted by identifi-
cation of evolutionarily conserved AuxREs in pLFY, we show that
auxin-activated MP directly induces the LFY transcription factor,
a key regulator of floral primordium fate specification (Schultz
and Haughn, 1991; Weigel et al., 1992; Weigel and Nilsson,
1995). Moreover, we find that auxin-activated MP also directlyier Inc.
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inflorescences, which have critical roles in proliferative growth of
the flower (Elliott et al., 1996; Klucher et al., 1996; Krizek, 1999,
2009; Krizek and Eaddy, 2012; Mizukami and Fischer, 2000).
Support for direct induction of these genes by MP comes from
gene expression studies in loss- and inducible gain-of-function
MP mutants as well as from in vivo MP chromatin association.
The observed interactions provide a mechanism for coupling
the initiation of a new flower primordiumwith subsequent phases
in flower ontogeny.
Regulation of the Initiation of Flower Primordia
at the Reproductive Shoot Apex
Despite the critical role of MP in initiation of flower primordia,
how auxin-activated MP executes this role remains poorly
understood. We show here that the direct MP targets LFY,
ANT, and AIL6/PLT3 redundantly regulate flower primordium
initiation. Mutations in each gene enhance the primordium initia-
tion defects of a hypomorph mp mutant, the triple lfy ant ail6
mutant has defects in flower primordium initiation, and condi-
tional LFY and ANT activation can partly rescue the pin inflores-
cences of mp mutants. Identification of these redundant
activities sheds light on the question how auxin-activated MP
directs initiation of flowers and explains why direct MP targets
were not previously identified in genetic screens. It further
reveals a role for LFY in primordium initiation.
Our combined findings reveal a molecular framework for the
translation of a local auxin maximum into flower primordium initi-
ation (Figure 6H). This framework resembles a single input
module, a network motif for the induction of a group of genes
during activation of a new program (Alon, 2007). We observed
redundant activities of the targets of the input module (LFY,
ANT, and AIL6/PLT3). This may serve to buffer flower formation,
which is critical for reproductive fitness, from possible delete-
rious effects of mutations. Induction of some genes in a single
input module may be dependent on elevated levels of the acti-
vator (Alon, 2007). Indeed, while MP is expressed in incipient
primordia prior to the reproductive stage, MP is not able to
bind the LFYpromoter during vegetative development, and auxin
is not sufficient to induce LFY at this stage (Figure S2H). We
propose that an increase inMP levels in incipient flower primordia
during reproductive development (Figure S2G), perhaps
combined with the presence of low-affinity MP binding sites
and chromatin-mediated inaccessibility of the LFY promoter
(Adrian et al., 2009), restricts spatiotemporal induction of LFY
by auxin-activated MP to the flower primordium. A requirement
for high levels of auxin-activated MP for flower primordium initia-
tion may explain the sensitivity of these primordia to chemical or
genetic perturbation of the auxin pathway in Arabidopsis.
Based on the lfy ant ail6 triple-mutant phenotype, the single
input module we describe is missing a target (or targets) that
acts directly downstream of MP and in parallel with LFY, ANT,
and AIL6 (Figure 6H). Future investigations are needed to identify
this regulator from the many possible candidates (Cole et al.,
2009; Donner et al., 2009; Heisler et al., 2005; Prasad et al.,
2011; Schlereth et al., 2010; Yadav et al., 2009; Zhao et al., 2010).
Finally, we observed positive feedback from LFY to the auxin
pathway, at least in part, via direct induction of expression of
the auxin transport regulator gene PID. AIL/PLT proteins likelyDevelopmalso feed back to the auxin pathway. Prasad et al. (2011)
observed reduced PIN1-GFP accumulation in incipient flower
primordia of plt3 plt5 plt7 mutants and upregulation of PIN1
expression shortly after PLT5 activation. Positive feedback
locks a system in the ‘‘ON’’ state (Alon, 2007). In this manner,
upregulation of LFY, ANT, and AIL6/PLT3 by MP, and the
resulting feedback to the auxin pathway by these transcriptional
regulators, may trigger commitment to flower primordium
formation (Figure 6H).
Implications of the Observed Regulatory Interactions
for Other Aspects of Plant Architecture
A role for LFY downstream of auxin may provide a unifying
molecular explanation for known defects in other organ system
observed in lfy mutants in legumes, grasses, and nonflowering
plants. For example, lfy mutants in pea and other legumes
form simple leaves instead of compound leaves, and polar auxin
transport has been implicated in compound leaf development
(Bai and DeMason, 2006; Champagne et al., 2007; Hofer et al.,
1997; Zhou et al., 2011). In addition, LFY homologs in maize
and rice promote branch establishment in inflorescences,
a process also regulated by auxin in the grasses (Bomblies
et al., 2003; Ikeda-Kawakatsu et al., 2012; Kyozuka et al.,
1998; McSteen, 2010; Rao et al., 2008). Finally, in the moss
Physomitrella patens, LFY and the auxin pathway both control
early cell divisions of the zygote (Fujita et al., 2008; Tanahashi
et al., 2005). It is plausible that auxin-mediated morphogenesis
is an ancestral role of LFY that may have been redeployed during
evolution to sculpt different organ systems.
EXPERIMENTAL PROCEDURES
Plant Material and Treatments
Plants were grown at 23C in a 16 hr light/8 hr dark cycle. Most plants were in
the Columbia background, except for pANT::ANT-VENUS, 35S::ANT-GR,
ant-4, 35S::LFY-GR, and lfy-6 mutants, which were in the Landsberg erecta
background. The ail6-2mutant we employed had been backcrossed to Lands-
berg erecta. For hormone and other treatments, plants were grown in soil. For
RNA isolation experiments, dexamethasone and cycloheximide treatments
were performed by spraying 30-day-old plants once with 5 mM dexametha-
sone and 50 mM cycloheximide, respectively. For dexamethasone treatment
in mp-S319 35S::LFY-GR 35S::ANT-GR to monitor primordium initiation,
plants from 25 days to 35 days of age were treated every other day by spraying
them with 10 mM dexamethasone. For auxin and auxin transport inhibitor
treatment, plants were sprayed with 2,4-D and NPA in 0.1% dimethyl sulfoxide
(DMSO) 0.01% Silwet L-77; 0.1% DMSO 0.01% Silwet L-77 was used as
control treatment. For LFY expression analysis following drug treatment,
30-day-old plants were treated by spraying them with 10 mM 2,4-D once or
with 100 mM NPA twice (at 0 hr and 7 hr). For auxin treatment in lfy mutants
to test for precocious flower formation, plants from 5 days to 9 days of age
were sprayed once daily with 10 mM 2,4-D. For NPA treatment in lfy ant ail6
to monitor primordium initiation, plants from 5 days to 15 days of age were
treated once daily by spraying them with 10 mM NPA. For a description of
the transgenes constructed, see Supplemental Experimental Procedures.
Statistical Tests
The Student’s t test was used for all experiments that displayed a normal distri-
bution based on the Kolmogorov-Smirnov test (Massey, 1951); otherwise, the
nonparametric Mann Whitney U test (Hart, 2001) was employed.
Phylogenetic Shadowing
Phylogenetic shadowing was performed as previously described (Adrian et al.,
2010) using a mixture of publicly available and newly generated genomicental Cell 24, 271–282, February 11, 2013 ª2013 Elsevier Inc. 279
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were aligned using mVISTA (Mayor et al., 2000) with default settings. The
highly conserved P regions of pLFY were exported into MacVector 10 and
aligned using ClustalW (Larkin et al., 2007) and BoxShade (http://www.ch.
embnet.org/software/BOX_form.html).
Expression Analyses and ChIP
qRT-PCR, in situ hybridization, and GUS staining were performed as previ-
ously described (Long and Barton, 1998; Winter et al., 2011). ChIP was per-
formed on dissected inflorescence apices as described (Winter et al., 2011).
Western blot analysis was performed as in (Wu et al., 2012). See Supplemental
Experimental Procedures for details.
Microscopy
For imaging of GFP signal, inflorescence apices were dissected to remove
older flowers and imaged for green and red fluorescence using a Leica
confocal microscope (Leica, LCS SL) equippedwith an argon-krypton ion laser
with the appropriate filter sets for visualizing GFP and propidium iodide.
Images are maximum projection of z stacks (Reddy and Roy-Chowdhury,
2009) that include the initiating flower primordia. The same offset and gain
settings were used for plants for which signal intensity was directly compared
(i.e., those carrying the same transgene[s] but subjected to different
treatments).
For fluorescence imaging after auxin or dexamethasone treatment of soil-
grown plants (Figures 1F, 2D, 2G, 4C, 4D, and 6E–6G; Figures S2B, S4E,
and S6A), a drop water containing either 10 mM 2,4-D, 0.01% Silwet, 0.1%
DMSO or 10 mM dexamethasone, 0.01% Silwet, 0.1% EtOH was applied to
the inflorescence apex followed by plant incubation in the growth chamber
for the specified time. Mock treatment consisted of either 0.01% Silwet,
0.1% DMSO, or 0.01% Silwet, 0.1% EtOH, respectively. Subsequently, the
inflorescence tips were severed from the plant and immediately rinsed with
sterile water. The older floral buds were removed under a dissecting micro-
scope. The resulting inflorescence tips were placed in a small well containing
1/2 3 MS agar, mounted in a water drop, and observed under the confocal
microscope with a water immersion objective lens. At least ten inflorescences
were observed per genotype and treatment and representative images are
shown.
For live imaging of the same inflorescence apex before and after treatment
(Figures S1D, S2D, S4G, and S6C), the inflorescence tips were first dissected
from the plants. The older floral buds were removed under a dissecting micro-
scope. The resulting inflorescence tips were placed in a small well containing
1/2 3 MS agar, mounted in a water drop, and observed under the confocal
microscope with water immersion objective lens (0 hr). After imaging, the
inflorescences were placed in a new well containing 1/2 MS medium
supplemented with 10 mM 2,4-D, 0.1% DMSO or 50 mM DEX, 0.1% EtOH
and incubated for the specified time in a humidified chamber. Mock treatment
was with 0.1% DMSO or 0.1% EtOH containing agar, respectively. After incu-
bation for the time periods specified in each figure panel, the inflorescences
were rinsed with sterile water, placed in a new 1/2 3 MS agar well without
auxin or dexamethasone, mounted with a water drop, and observed again
under the confocal microscope using a water immersion objective lens. At
least eight inflorescences were observed per genotype and treatment and
representative images are shown.
Overlap between LFY Targets and Auxin Pathway Genes
The LFY-bound genes were described by Winter et al. (2011). Auxin-related
genes include those annotated to the following GO terms: polar auxin
transport (GO:0009926), response to auxin stimulus (GO:0009733), auxin
biosynthetic process (GO:0009851), and auxin-mediated signaling pathway
(GO:0009734). GO annotations (2.15.2011) were obtained from TAIR (http://
www.arabidopsis.org). Significant overlap of LFY targets with auxin-related
genes was determined using the Fisher’s exact test.
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